Environmental issues require a new manufacturing paradigm because the current mass production and mass consumption paradigm inevitably cause them. We have already proposed a new manufacturing paradigm called the " Post Mass Production Paradigm~PMPP!" that advocates sustainable production by decoupling economic growth from material and energy consumption. To realize PMPP, appropriate planning of a product life cycle~design of life cycle! is indispensable in addition to the traditional environmental conscious design methodologies. For supporting the design of a life cycle, this paper proposes a life-cycle simulation system that consists of a life-cycle simulator, an optimizer, a model editor, and knowledge bases. The simulation system evaluates product life cycles from an integrated view of environmental consciousness and economic profitability and optimizes the life cycles. A case study with the simulation system illustrates that the environmental impacts can be reduced drastically without decreasing corporate profits by appropriately combining maintenance, reuse and recycling, and by taking into consideration that optimized modular structures differ according to life-cycle options.
INTRODUCTION
Modern capitalism and industrialism now dominate the global economy. As a result of the competition to develop manufacturing technologies, cheaper products with higher quality have been offered, yielding tremendous social advantages such as high wage. However, there have been disadvantages as well. One of the most serious disadvantages is the environmental issues. Due to the rapid development of technologies, quantity of discarded products is rapidly growing. As a result, mass production and mass consumption have revealed the essential limitation of the earth, such as natural resource availability, energy supplies, and the ability of the biosphere to accept industrially generated waste.
This means that we cannot manufacture products as much as we want. Rather, environmental, market, and other limitations determine acceptable amounts of products. To fundamentally attack and remove these problems, we need to reconsider the current mass production paradigm and to reduce the production and consumption volume of artifacts to an adequate and manageable size balanced with natural and social constraints. We call this idea the Post Mass Production Paradigm~PMPP!~Tomiyama, 1997!.
In other words, PMPP aims at reducing production volume while maintaining living standards and corporate profits by decoupling economic growth from material and energy consumption. To do so, PMPP includes two approaches Tomiyama, 1997!: such as upgrading, maintenance, operation supports, and collection of discarded products.
As a result, PMPP assumes that an artifact circulates in its life cycle repeatedly and works as a carrier of various services customers need and, therefore, manufacturing industry changes into life-cycle industry that designs and manages the whole product life cycles and offers various services throughout the life cycles. In other words, it is almost impossible without changing business strategies to shift traditional open-loop life cycles under mass production to sustainable closed-loop life cycles.
PMPP requires a structural change of design; namely, while designers traditionally design just products, we should design product life cycles as a whole in addition to the product design. This is the central issue of the life-cycle design.
The objective of this research is to propose a methodology for the life-cycle design to establish sustainable closedloop product life cycles. To do so, this paper proposes "design of life cycle" as an indispensable element of the life-cycle design and a decision support tool for the design of life cycle called "Life-Cycle Simulation System." The simulation system evaluates product life cycles from an integrated view of environmental consciousness and economic profitability and optimizes the life cycles. This paper also discusses feasibility and advantages of this simulation system by illustrating a case study; namely, modular design of a refrigerator.
The rest of the paper is organized as follows. Section 2 clarifies a missing element of existing life-cycle design methodologies and proposes the design of life cycle. To support the design of life cycle, Section 3 describes our method for modeling product life cycles and Section 4 proposes LifeCycle Simulation System. After illustrating a case study in Section 5, we discuss advantages and issues of the simulation system and the design methodology in Section 6. Section 7 concludes this paper.
DESIGN OF LIFE CYCLE
We must consider life-cycle issues of products, such as marketing, material acquisition, design, production, logistics, use and operation, maintenance, reclamation, reuse, recycling, and discarding. The present manufacturing industry provides services from marketing through sales; however, reclamation, recycling, and discarding of products are normally outside the domain of manufacturing industries. In contrast, the boundaries and limitations, imposed by the environment, will force the manufacturing industry to gradually provide services in these later stages of the product life cycle. Examples of this movement include the ideas of environmental auditing and the recent Japanese legislation for "forced take-back"~e.g., Electric Appliance Recycling Law!. Consequently, for most of the manufacturing industries new areas of value addition and market creation will be in the maintenance, reclamation, recycling, and discarding phases of a product's life. In this sense, manufacturing industry could be redefined as life-cycle industry.
The objective of life-cycle design of this research is to design sustainable closed-loop product life cycles. We here define a sustainable closed-loop life cycle as a life cycle that can minimize material and energy consumption, amount of waste, and environmental emissions from the viewpoint of the whole life cycle, while maintaining living standards and corporate profits. For example, if a product is properly designed, corporate profitability can be maintained by supplying various services at later stages. However, if the product is not well designed, these services will be cost factors rather than profit factors.
For supporting the life-cycle design, various concepts and Design for X~DfX! methodologies have been proposed; examples include industrial ecology~Graedel & Allenby, 1995 !, life-cycle design~Ishii, 1995 Hata et al., 1997 !, life-cycle engineering~Feldmann, 1994 !, life-cycle costing, design for disassembly~Boothroyd & Alting, 1992 Jovane et al., 1993 !, design for recyclability~Krause & Scheller, 1994 Lee et al., 1997 !, design for serviceabilitỹ Gershenson & Ishii, 1991!, and end-of-life design~Ishii, 1999 !. However, because these DfX methodologies just focus on certain aspects of design objects~e.g., disassemblability!, they do not support the whole viewpoint of product life cycles. For example, "recycling"~especially material and energy recycling! is in demand to reduce waste and natural resource consumption. Although design for recycling and design for disassembly might increase recyclability of a product, these methodologies cannot tell whether materials used in a product life cycle are balanced with such recycled materials or not. In the worst case, encouraging design for recycling results in creating huge amount of low quality, expensive, and unusable recycled materials Umeda, 1999!. To solve this problem, we should model, evaluate, and design flows of material, energy, and money in a product life cycle. Let us call this step of life-cycle design design of life cycle. In other words, design of life cycle is an indispensable element of life-cycle design, where a designer designs balances of the whole life cycle from various viewpoints including material, energy, and money. Life-Cycle Assessment~LCA!~e.g., Wenzel & Hauschild, 1994 ! is a strong tool for evaluating material and energy consumption and emissions of a life cycle. However, it cannot evaluate balances of a life cycle in terms of material, energy, and money, especially when the life cycle has loops such as remanufacturing, reuse, and recycling.
To support the design of life cycle, we here take a simulation-based approach; in other words, we develop a decision support tool that simulates flows in a life cycle and optimizes them.
MODELING OF PRODUCT LIFE CYCLES
This section describes how we model product life cycles. A life-cycle model consists of a product model and a process network. Here, we assume that a product is modularized to ease tasks such as maintenance, disassembly, and reuse. And we assume consumer electronics like refrigerators and washing machines as an example of the target products.
We constructed typical five models of product life cycles shown in Table 1 and compare them in terms of amount of waste, material and energy consumption, and corporate profits. These models are quite simplified but useful for discussing essential advantages and drawbacks of recycling, reuse, and maintenance options. First, we construct the most complex model~we call it PMPP type!, which includes processes of maintenance, modular, and component reuse. And then we construct other life-cycle models from the PMPPtype model by changing parameter values.
Model of product
We model a product as follows, because we assume modularized products as described above:
• A product is modeled as a connectivity graph of modules and a module is modeled as a connectivity graph of components that are basic elements in this model.
• A component is modeled as a set of attributes, such as possibility of recycling and reuse, manufacturing cost, manufacturing energy, lifetime, weight, and material.
• A component cannot be disassembled nor repaired. In other words, collected used components can be reused as they are, recycled, or just dumped.
• A module can be repaired by replacing broken components with working ones.
Process network
We represent a product life cycle as a network of processes such as manufacturing, operation, recycling, and remanufacturing~see Fig. 1!. Important processes in the PMPP type are modeled as follows 1 :
• Market
The size of the market~market size! is constant and only the target product is sold in this market. After starting to sell the target product, a consumer can only buy the target product and the market is filled with the product in a certain time. In other words, this market model 1 Here, main parameters are shown in italic. In this type, modules of collected discarded products are reused if possible, and other modules are recycled. Examples of this type include photocopiers. Maintenance type In this life cycle, after buying a product, a customer continues to use the product by executing maintenance~i.e., replacing broken modules with new modules! and broken modules just become waste. However, if maintenance cost at one time is too expensive for a customer, he or she replaces it with a new product instead of executing maintenance. Examples of this type include machine tools.
PMPP type
This life cycle includes processes of maintenance, modular, and component reuse, and recycling and is appropriately managed~for instance, products are leased rather than sold and, as a result, collection rate is higher than other types!. Therefore, this type is considered as one of ideal closed-loop life cycles~see Fig does not include competition among different products in the market for the sake of simplicity. It is one of our future issues to detail the market model.
• Operation and maintenance A customer buys a new product for its purchase price. This price does not include maintenance cost nor recycling cost. Each component will break down randomly around its lifetime and the customer repairs the product by replacing a broken module with a working one. The maintenance cost C the customer pays for each maintenance task is calculated with the equation C ϭ C m ϩ C f , where C m and C f denote module price and maintenance fee, respectively.
However, if the maintenance cost C is too high or the product breaks down too often, the customer replaces the entire product with a new product. This customer's judgment is represented as maintenance preference C p~0 Յ C p Յ 1! and minimum acceptable Mean Time Between Failures~MTBF!, MTBF min . That is, if the following condition is satisfied, the customer repairs the product, otherwise he or she buys a new product, where T, P, and MTBF~T ! denote a certain period of time~e.g., a year!, product price, and MTBF of the product during the period T, respectively:
• Collection and Product Disassembly
A certain ratio @R c~0 Յ R c Յ 1!# of discarded products is collected to the product disassembly process and the rest are just dumped. The parameter denotes that the collection system of discarded products is not perfect. The product disassembly process disassembles collected products into modules and sends them to the module inspection process.
• Module Inspection
Modules disassembled from discarded products and modules collected from the maintenance process are sent to the module inspection process. The module inspection process classifies collected modules into the following three kinds:
1. If a module is not faulty and reusable, the module is sent to the module warehouse with light reconditioning~e.g., cleaning!. This is judged by evaluating all components in the module with the following equation; namely, if all components in the module satisfy this equation, the module is sent to the module warehouse. • Rebuild
In the module rebuild process, modules are remanufactured by replacing unreusable components with working ones that came from the component warehouse. Rebuilt modules are sent to the module warehouse.
• Module disassembly and component inspection
In the module disassembly process, modules are disassembled into components. And these components are inspected in the component inspection process. Namely, if a component satisfies Eq.~2!, it is sent to the component warehouse with light reconditioning. Otherwise, the component goes to the recycling process if it is recyclable and, if not, it is just dumped. Recyclability of components are specified by the user in the model of products.
• Recycling
In the recycling process, the components are recycled into material or energy. If material of a component is metal it is recycled into material, if plastics, it is energy recycled, and others are just dumped.
In the material recycling process, a certain weight ratio @material recycling ratio (MRR)# of input components is produced as recycled materials that will be used for component manufacturing, and the rest~1 Ϫ MRR! is dumped. The energy recycling process generates energy for other processes on one hand, but generates waste on the other hand; namely, a certain weight ratiõ waste ratio of energy recycling (WRER)! of input plastic components becomes waste.
• Warehouses Modules in the module warehouse are used for maintenance as spare modules and for assembling new products. If the number of modules in the warehouse is smaller than a certain threshold, new modules are manufactured. The component warehouse works in the same manner.
LIFE-CYCLE SIMULATION SYSTEM
To design closed-loop life cycle that might include multiple reuse of components, it is quite important to evaluate the whole balance of the product life cycle from a technical and economic viewpoint at the early stage of design. In the early stage of design, accurate information about the whole life cycle is not always available. Even in such a case, the balance should be evaluated. Of course, CAD0CAM systems supply precise design information about the product and PDM systems give us detailed bills of products, materials, and processes. With these precise data, the evaluation will be very accurate. However, it is rare that all such information is available at early stage of design and, moreover, additional kinds of information especially about downstream processes, which traditional manufacturing industries do not consider, is important for evaluating the whole life cycle. Examples of such information include practical lifetimes of components, customer behavior, reuse rate, collection rate, and recycling rate. Therefore, this evaluation should be able to be calculated with precise data and without precise data.
To solve these problems, we have developed a life-cycle simulation~LCS! system that supports the design of life cycle described in Section 2 at the planning and conceptual design stages. The system supports a designer to determine life-cycle strategies of a design object by constructing a model of its product life cycle with visual user interface and by executing what-if analyses with life-cycle simulation of the model and its optimization. For example, the designer can determine design requirements~e.g., reuse rate should be higher than 30%! to achieve global goals~e.g., to reduce amount of waste into half !.
The LCS system consists of the following four tools~see Fig. 2!: 1. The life-cycle model editor supports a designer to construct a model of life cycle of a design object.
2. The life-cycle simulator executes simulation of a product life cycle.
3. The life-cycle database manages the data of products, components, and processes.
4. The life-cycle optimizer optimizes parameter values in the target life-cycle model and modular structure of the design object by using the genetic algorithm technique~Holland, 1975!. We use the genetic algorithm because the life-cycle model has a lot of parameters including modular structure to be optimized and the search space is not continuous.
We assume two kinds of users for this system. The first kind are experts who know the product life cycle well and can construct life-cycle models. The other are designers who use these models and execute what-if analyses of the model by using the simulator and the optimizer.
Model editor
The life-cycle model editor consists of two visual editors~a model editor and a process editor! for constructing and modifying models of product life cycles. As described in Section 3, a model of a product life cycle consists of a product model and a process network. The user can easily construct the life-cycle model by using libraries of products, components, and processes stored in the life-cycle database~see Section 4.3!. Figure 3 shows a screen hardcopy of the life-cycle model editor. As shown in this figure, a process is described by given parameters, input parameters, output parameters, and a procedure. Given parameters represent attributes of this process and of which values should be given by the user or determined by the optimizer and input and output parameters represent parameters coming from0to other processes. The procedure describes behavior of this process by using Smalltalk code. 
Life-cycle simulator
The simulator simulates flows of products, materials, money, and information based on a given life-cycle model using discrete event simulation techniques like the Petri Net. For each turn, 3 the simulator executes procedures in the process definitions and propagates parameter values among the process network according to parametric dependency of the process network. The parametric dependency is automatically derived by the system from the process definitions. As a result, for instance, the number of manufactured products, amount of disposals, and total sales figure in that turn are calculated. The simulator repeats this cycle until it reaches a final turn given by the user.
Life-cycle database
The database manages the following data and supports the user to construct these libraries;
• a library of products represented by component connectivity graphs,
• hierarchical catalog of components used in products, 2 This system is implemented on Visualworks0Smalltalk. 3 For example, a turn corresponds to a month. • a library of life-cycle processes used for the process network,
• a library of evaluation functions used for the optimization~see Section 4.4!, and
• a library of upgrade plan of products used for designing upgradable products. This library will be used in future.
Optimizer
The optimizer optimizes the target life-cycle model by using the results of the simulator. Namely, it optimizes values of given parameters in the process network and modular structure of the design object by using the genetic algorithm. The latter modularization is executed by aggregating neighboring components into a module in the component connectivity graph~see Fig. 4 !. Basic algorithm of the optimizer is shown as follows:
Initialization
After the user specifies given parameters to be optimized in the process network and evaluation functions to be used, a target life-cycle model is sent to the optimizer.
Generation of a set of genes
The optimizer generates a set of genes each of which represents values of target parameters and a module structure.
Simulation
For each gene, the simulator executes the life-cycle simulation by using the values the gene represents.
Evaluation
The optimizer evaluates simulation result of each gene with the given evaluation functions.
Operation of genes
According to the evaluation results, the optimizer generates a next generation of genes by applying operations such as elite selection, crossover, and mutation.
Repetition
The optimizer repeats the steps 3-5 until the number of generation reaches a certain value given by the user. After the repetition, the optimizer selects the best gene as its result.
CASE STUDY: MODULAR DESIGN OF A REFRIGERATOR
As an application of the life-cycle simulation system to modular design, we executed the life-cycle simulation and the optimization by taking a refrigerator as an example. Here, we collected data from real products as much as possible.
Simulation conditions and results
To make a refrigerator modular and reusable, we identified the following three major problems of current refrigerator design:
• Inner parts of the cabinet, which have direct contact with foods, cannot be reused for hygienic reason.
• The cabinet, in which outer body, inner parts, and pipes are glued with heat insulators, and thus cannot be disassembled maintaining reusability.
• Gaskets between the body and the doors are most easily deteriorated.
Therefore, we here make the following assumptions:
• Gaskets can be replaced by the maintenance task.
• Outer parts, which affect attractiveness of the refrigerator, and inner parts of a cabinet will not be reused.
• A cabinet is decomposed into five independent parts; namely, a structural frame, pipes, an outer part, an inner part, and heat insulators.
Figures 5 and 6 show a structural sketch of the refrigerator and its part connectivity graph, respectively. This model of the refrigerator is commonly used in the five types of life-cycle models, but modularized when optimization is executed. For simplicity, we assume that weight and operation energy of the refrigerator is the same even if it is modularized.
The parameter lists of the components and the processes are shown in Tables 2, 3 , and 4. In these tables, we collected real data such as material, cost, weight of each component and energy consumption of assembly, recycling, components manufacturing processes. However, it was impossible to collect real data of, for example, energy consumption and costs of the rebuild process because reuse of refrigerator is not practiced in the real world. Therefore, we had to assume these values based on the manufacturing processes.
We compare five types of life cycles~the traditional, recycling, reuse, maintenance, and PMPP types! described in Section 3. As shown in Table 4 , we execute several simu- lations for each type by changing conditions, including maintenance preference and collection rate, to discuss sensitivity of these conditions.
The evaluation functions for the optimizer is shown in Figure 7 . These functions are commonly used for the four types of models other than the traditional type because the traditional type is the reference model and, therefore, is not optimized. Horizontal and vertical axes in each function in Figure 7 denote relative value to the traditional type and evaluation value~between 0 and 1 and 1 is the best!, respectively. For example, the revenue function indicates that if total revenue of a model is between 50 and 150% of that of the traditional value, evaluation is good~namely, 1!. The sum of values of four functions are the evaluation of its product life cycle.
Simulation results are shown in Figures 8, 9 , and 10. These figures show accumulated values relative to those of the traditional type. Figure 8 shows values of disposal amount, which is in proportional to material consumption, and amount of energy consumption excluding the operation energy. Figure 9 shows corporate revenue and profits. Revenue is the sum of product sales income and income from maintenance. Therefore, revenue also implies total cost for the customers. This means the value of revenue should not be too high for the customer's satisfaction. Profit is also the sum of profits from product sales and that from maintenance. This value should not be too low for the corporate sustainability. And Figure 10 illustrates ratio of revenue; as shown in this figure, revenues from the maintenance section are remarkable in the maintenance type and the PMPP type.
Moreover, Figure 11 depicts optimized modular structure of the modular product for each life-cycle type. 
DISCUSSIONS
The results of simulation can be interpreted as follows:
1. While simple recycling decreases amount of waste, energy consumption cannot be decreased so much because additional energy is used for the material recycling process. Economically, the recycling type decreases corporate profits because of additional costs in the recycling process. As a result, the simple recycling might not be a good strategy for realizing PMPP. 2. Simple reuse is more effective for reducing the environmental loads~namely, reduction of waste and energy consumption! than the simple recycling. However, the energy consumption does not decrease comparing to decrease of waste amount. Economically, profitability~ratio of profits over revenue! is the second best among all types because in this condition, reuse of components makes their MTBFs shorter and, as a result, replacement of products happens more often. 3. The maintenance type has less effects to the environmental loads than other types because discarded mod- Based on these results, we can conclude that:
• Simple recycling is not a good strategy in terms of reduction of energy consumption.
• The PMPP type is the best strategy for realizing PMPP namely, reducing energy and material consumption with maintaining living standards and corporate profits!. In other words, good combination of maintenance, reuse, and recycling is essential. Therefore, the life-cycle simulation tool is quite important for supporting the design of life cycle.
It is also remarkable that these objectives are achieved by the structure change of industry from just manufacturing to the life-cycle industry as shown in Figure 10 . This result supports the concept of PMPP. Figure 11 can be interpreted as follows:
• For optimizing the reuse type, larger-sized modules are better because disassembly cost of modules can be saved.
• For optimizing the maintenance type, smaller-sized modules are better because it can avoid unnecessary replacements of working components. Modularization in the maintenance type is executed based on similarity of lifetimes of components.
• In the PMPP type, optimized modular structure is between the reuse and maintenance types, because this type has reuse and maintenance processes. Further analysis of the modular structure in this type is one of our future issues.
Traditionally, modularization has been a powerful approach to increase concurrency and collaboration of manufacturing for reducing manufacturing costs. The viewpoint 6~month! material recycling ratio~MRR! 0.7 waste ratio of energy recycling~WRER! 0.2 Recent turn T @used for Eq.~1!# 24~month! *To get stable simulation results, simulation turn should be long enough to cause many replacement of products. Simulation turn "300 months" might be too long in real world, but it is determined for this reason. of modularization discussed here focuses on efficiency of circulation of modules throughout the product life cycle. While the technique is still simple~for instance, we only use component connectivity graph so far!, we believe that it offers an indispensable new viewpoint of modularization for the design of life cycle. In this sense, this modularization is complementary to the traditional one.
As a result, we can conclude that this life-cycle simulation is useful for modular design because it can give a hint of modular structure in terms of life-cycle loop to a designer by executing the optimization.
Other lessons learned from this case study are:
• The comparison of these five types is executed under the condition shown in Tables 2, 3 , and 4. The following observations regarding the relationship between conditions and simulation results are drawn:
• Obviously, waste amount deeply depends on collection rate. But the PMPP type is always superior to other types under the same collection rate and, moreover, we can expect better collection rate than other types owing to its better life-cycle management because we assume the life-cycle industry rather than just manufacturing industry under the PMPP.
• Energy consumption depends on ratio of energy consumption of the inverse processes to that of manufacturing processes. If the inverse processes consume more energy, the closed-loop life cycle has no advantage in energy. Our observation is that smaller loop~i.e., maintenance and reuse! is good strategy for saving energy.
• Waste amount and profitability of the reuse type depends on lifetimes of components. On one hand, if lifetimes are too short, reuse cannot be executed. On the other hand, if lifetimes are too long, profitability decreases because customers do not buy new products.
• Waste amount and profitability of the maintenance type and the PMPP type depends on a nonlinear relationship among the maintenance fee, lifetimes of components, and the maintenance preference. For example, if the maintenance preference is too low, maintenance is not executed and, as a result, waste amount increases and profitability decreases because the company cannot get the maintenance fee. Here we assume that profitability of maintenance is higher than that of product sales. Therefore, in the design of life cycle, appropriate setting of the maintenance fee and design of component lifetimes are important; that is, life time should not be so short that too much replacements of products occur and should not be too long to keep enough profits.
Therefore, to realize environmentally conscious product life cycles, besides increasing collection rate and developing energy saving technologies, of which importance are always pointed out by many researchers, the simulation results clarified importance of strategic life-cycle design and management, including strategic pricing of purchase price and maintenance fee, and design of component lifetimes and product modularization.
• We could not collect a part of data needed for executing the simulation because such data do not exist. It is important to create and collect these data by, for instance, executing experiments.
• Although our simulation models are just examples, these models are the central knowledge for supporting a designer to use this system. That is, these five types of life-cycle models are general enough to support a designer to easily execute simulations of his0her own design objects for different types of life cycles just by adding his0her own data to the models.
By comparing with the LCA tools, we can point out three advantages of this simulation tool for supporting the design of life cycle at the conceptual design stage. First, this tool evaluates material and energy balances of the whole life cycles and economic aspect~corporate profits and customer's costs!, which are indispensable factors for design but not dealt with in LCA. Second, while LCA requires huge amount of basic data, this tool can execute simulations with smaller amount of data that might be ambiguous. Even in such a case, the designer can find out useful information~e.g., critical points in a product life cycle! by executing what-if analyses. And third, the designer can see and edit visually a product life cycle with this tool and optimize it. These features are indispensable for supporting the design of life cycle.
CONCLUSION
This paper proposed the idea of design of life cycle and the life-cycle simulation system for supporting it. The results of the life-cycle simulation shown in Section 5 indicate that the combination of the closed-loop life cycle and the maintenance service is essential for realizing PMPP and this system is powerful enough for supporting the design of life cycle.
Future works include:
• to apply this system to various case studies, especially we are planning to study design of upgradable products of a fax with this tool,
• usage of more detailed cost breakdowns, including nonrecurring and recurring costs, and
• to integrate this system with other tools such as CAD, PDM, various DfX tools, and LCA tools. 
